Brief heading: Arbuscular mycorrhizal fungal responses to long-term litter manipulation in a 23 tropical forest (no twitter name available) 24 25 Word count: Total (excluding Summary, references and author contributions): 34 454-sequencing, arbuscular mycorrhizal fungi, nutrient cycling, organic matter, tropical 35 forest, litterfall 36 2 37 38 39 SUMMARY 40 41 • Tropical forest productivity is sustained by the cycling of nutrients through 42 decomposing organic matter. Arbuscular mycorrhizal (AM) fungi play a key role in 43 the nutrition of tropical trees, yet there has been little experimental investigation into 44 the role of AM fungi in nutrient cycling via decomposing organic material in tropical 45 forests. 46 47 • We evaluated the responses of AM fungi in a long-term leaf litter addition and removal 48 experiment in a tropical forest in Panama. We described AM fungal communities 49 using 454-pyrosequencing, quantified the proportion of root length colonised by AM 50 fungi using microscopy, and estimated AM fungal biomass using a lipid biomarker. 51 52
The productivity of most tropical forests is sustained by symbiotic associations between 66 plants and arbuscular mycorrhizal (AM) fungi (Read, 1991; Alexander & Lee, 2005) . AM 67 fungi play crucial roles in nutrient cycling and are also major vectors of carbon (C) in the 68 global C cycle (Johnson et al., 2013) . AM fungi obtain up to 20-30% of total plant 69 photosynthates (Drigo et al., 2010) and may enhance the decomposition of organic matter, 70 releasing substantial quantities of CO 2 to the atmosphere through their respiration 71 (Nottingham et al., 2010) .
73
Tropical forest growth currently constitutes the largest terrestrial sink for anthropogenic CO 2 abundance in soils (Gryndler et al., 2005; Gosling et al., 2010) . Furthermore, AM fungal 157 hyphae can grow into decomposing leaf litter on tropical forest floors (Herrera et al., 1978; 158 Posada et al., 2012; Camenzind & Rillig, 2013) . Together, these studies strongly suggest that 159 AM fungal hyphae are important in recycling nutrients from leaf litter. This is likely due to 160 tightly coupled interactions between AM fungi and saprophytic fungi and bacteria (Herman 161 et al., 2012) given that AM fungi have not been shown to possess saprophytic capabilities 162 (Hodge, 2014) .
164
We investigated AM fungal responses to altered organic matter inputs in a lowland tropical 165 forest in Panama using an existing long-term litter manipulation experiment in which nine 166 years of litter removal and addition treatments have altered fine root biomass (Sayer et al., 167 2006a), litter production, foliar and litter nutrient concentrations, and soil nutrient pools 168 (Vincent et al., 2010; Sayer & Tanner, 2010b) . This platform provided a unique opportunity 169 to evaluate the responses of AM fungal communities to changes in organic matter inputs in a 170 well-studied lowland tropical forest setting. 6 172 We hypothesised that: i) litter addition would increase net AM fungal abundance, given the 173 well-documented stimulatory effects of organic matter additions on AM fungal growth, ii) 174 litter removal would also increase net AM fungal abundance, given that plants may increase 175 investment in AM fungi when nutrient availability is reduced (Johnson, 2010) , iii) that the 176 addition or removal of organic matter would result in changes in the AM fungal community 177 composition, and iv) that litter manipulation would alter the ecological processes structuring 178 AM fungal communities, and that this would be reflected in changes in the degree of 179 relatedness (or phylogenetic structure), of AM fungal communities. In May 2012, after nine years of treatments, we sampled at six points in the inner 30 m x 30 200 m of each of the 15 experimental plots (a total of 30 samples per treatment); we selected 201 sampling points at random using random number sheets to delineate point coordinates, with 202 the provision that all points were separated by at least 3 m. At each sampling point, we 203 collected the litter (Oi) and fermentation (Oe) horizons from a 78.5 cm 2 area, using a knife to 204 cut around the edge of a metal disk (C and L+ treatments only; the L-treatment lacked an organic horizon), and two cores from the mineral soil (0-10 cm depth) using a 5-cm diameter 206 corer (all treatments). To prevent cross-contamination, we wiped down and flame-sterilised 207 all equipment in between samples, handled all samples with fresh latex gloves, and double-208 bagged samples in sealed Ziploc TM bags. All samples were stored at 4 o C and processed 209 within 36 hours of returning from the field. Root samples were obtained from one of the two 210 cores per sampling point by washing away soil and organic matter under a continuous stream 211 of filtered water over a sieve with a mesh size of 500 µm. We retained fine roots (< 1 mm in 212 diameter) for further analysis, drying a subsample over silica gel for DNA extraction, and 213 storing a second subsample in 70% ethanol for microscopic analysis. The remaining soil 214 cores were sieved to remove stones and roots, composited to make one sample per plot, and 215 thoroughly homogenised. 20 g subsamples for lipid analysis were frozen at -80 o C for 12 h, 216 lyophilised, and stored dry at -80 o C until further processing. 226 We used the percentage of root length colonised as a measure of intra-radical AM fungal 227 abundance (McGonigle et al., 1990) . We soaked and rinsed the root samples with distilled 228 water to remove the ethanol. Roots were then cleared by autoclaving in 5% KOH for 5-60 229 minutes; bleached in solution of ammonia in 3% H 2 O 2 for 15-60; acidified in 2% HCl for 30 230 minutes; and stained with 0.05% trypan blue (in a 1:1:1 solution of distilled water, glycerol We used the neutral lipid fatty acid (NLFA) 16:1ω5 as a biomarker for extra-radical AM 239 fungal biomass. We performed lipid extraction and analysis according to Frostegård et al.
240
(1993) with modifications (Nilsson et al., 2007) . Briefly, lipids extracted from 4 g lyophilised 241 soil per plot were fractionated into neutral lipids, glycolipids, and polar lipids on silica 242 columns by successive elution with chloroform, acetone and methanol. Methyl 243 nonadecanoate (FAME 19:0) was added as an internal standard, and neutral and polar 244 fractions were converted to fatty acid methyl esters (FAMEs) prior to analysis on a gas 245 chromatograph with a flame ionisation detector and a 50 m HP5 capillary column (Hewlett 246 Packard, Wilmington, DE, USA). The mean NLFA to PLFA ratio across all samples was 1.3, 247 suggesting that NLFA 16:1ω5 is an effective AM fungal biomarker in these soils (Olsson, 248 1999) . Hao et al., 2011) . To provide finer taxonomic resolution, we set the i and u parameters to 2% 297 cluster difference rather than the conventional 3% because the SSU region has relatively low 298 variation (Öpik et al., 2013; Davison et al., 2015) . The centre sequence from each cluster was 299 used as a representative sequence in subsequent analyses. We used the Basic Local Alignment Search Tool (BLAST, Altschul et al., 1990 ; minimum e-309 value 10 -30 ) on one representative sequence from each cluster iteratively against three 310 databases in the following order of preference: i) sequences from Krüger et al. (2012) Community phylogenetic structure 362 We asked whether litter manipulation altered the degree of relatedness between taxa in AM 363 fungal communities. We used two indices of community phylogenetic structure: Net
364
Relatedness Index (NRI) and Nearest Taxa Index (NTI; (Webb, 2000) . Positive values of 365 these metrics indicate that taxa in a community are on average more closely related to each 366 other than to members of the regional taxon pool (phylogenetically clustered), and negative 367 values indicate that taxa in a community are less closely related (phylogenetically over-368 dispersed). NRI is sensitive to tree-wide phylogenetic patterns, and NTI is sensitive to 369 phylogenetic community patterns close to the tips of the phylogeny. Observed values of these 370 metrics were compared to 10,000 null communities generated using the 'independentswap' algorithm, which maintains column and row totals and accounts for differences in community 372 richness and taxon prevalence (Gotelli, 2000) . Soil nutrients were lower in litter removal compared to litter addition treatments for inorganic 395 N; resin and organic P, pH, and extractable Ca, Mg, and Mn (K was not significantly lower).
396
Compared to the controls, the soils in the L-plots had lower concentrations of inorganic N, 397 resin and organic P, Ca, and Mg, whereas soils in the L+ plots had higher concentrations of 398 resin P, and Ca (Figure 1 , Table S1 ). A full discussion of the effects of litter manipulation on There was no effect of litter manipulation on AM fungal biomass in the mineral soil Table S2 ). A phylogenetic tree is provided in Figure S3 . Overall AM fungal community composition was altered by litter removal but was not 438 significantly affected by litter addition (Multivariate GLM: Wald 2,12 = 11.5, P < 0.003; treatment contrast for litter removal: Wald = 9.2, P < 0.003 and for litter addition: Wald = 440 5.9, P = 0.24; Figure 4 ). There were no significant differences among treatments when the 441 analysis was repeated at levels of genus and family (multivariate GLM; genus: Wald 2,12 = 442 3.9, P = 0.24; family: Wald 2,12 = 2.1, P = 0.66; Figure 3 ). In the analysis of individual OTUs 443 (using the DESeq2 package), litter removal significantly (P < 0.05) reduced the relative 444 abundance of four OTUs and increased the relative abundance of three OTUs (P < 0.05; 445 Figure 5 ). By contrast, litter addition significantly increased the relative abundance of two 446 OTUs ( Figure 5 ; Table S3 ). All of the significantly affected OTUs were in the family An alternative possibility is that changes in AM fungal community composition in the litter 500 removal plots reflect niche separation arising from a shift in AM fungal P-acquisition 501 strategies. The availability of P is thought to limit many biological processes in lowland 502 tropical forests (Vitousek & Sanford, 1986) , and is a limiting nutrient in these forests (Wright , 2004) , and that AM fungal taxa may benefit plants to different degrees based on the type 531 of soil P available (eg. mineral versus organic; Reynolds et al., 2005) . Consequently, it is 532 possible that the taxa with increased relative abundance in litter removal plots were mineral P 533 specialists, and those with decreased relative abundance were litter specialists ( Figure 5 ).
534
Nonetheless, it is striking that the dominant taxon and the relative abundances of most taxa in 535 the litter removal treatment remained unchanged. Given the probable shift in plants' primary 536 P source in the litter removal treatment, this would suggest that most of the AM fungal taxa 537 observed at this site are readily able to adapt to the changed conditions. This is interesting in 538 the light of studies of ectomycorrhizal fungi, which document wide differences in the ability 539 of different taxa to mobilise and acquire P from different sources (Plassard et al., 2011) . can affect a number of other soil properties besides nutrient availability, such as habitat space 544 available for decomposers (Sayer, 2006) . It is thus possible that AM fungal communities 545 were affected by changes in the non-AM microbial community or soil fauna, which can 546 impact AM fungal growth and function (Johnson et al., 2005; Sayer et al., 2006b; Gryndler et 547 al., 2008; Hodge, 2014) , and which play a key role in AM fungal uptake of nutrients from 548 leaf litter given the lack of documented saprophytic effects of AM fungi (Hodge, 2014) .
549
Previous studies at this site show no major changes in either temperature or soil water content 550 among treatments (Sayer & Tanner, 2010a) , and it is thus unlikely that these factors are 551 responsible for the observed effects. communities are thought to be structured more by competition than by habitat filtering, 568 which reduces the likelihood that closely related and functionally similar taxa will co-occur 569 (Webb et al., 2002) . , 2005; 2008; Gosling et al., 2010) , and AM fungal sporulation (Gosling et al., 2010) .
577
Indeed, AM fungal hyphae proliferate in organic substrates (Hodge & Fitter, 2010) , and grow 578 into decomposing leaf litter in tropical forests (Herrera et al., 1978; Posada et al., 2012; 579 Camenzind & Rillig, 2013). Together with the finding that fine roots proliferated into the 580 organic horizons in the litter addition treatment (Sayer et al., 2006a) , our results suggest that 581 AM fungi may represent important pathways for plant uptake of nutrients from sites of 582 organic matter decomposition in this tropical forest. However, given that AM fungi lack 583 substantial saprophytic capability (Hodge, 2014), it is unlikely that AM fungi themselves are 584 actively involved in litter decomposition, but rather are able to efficiently acquire nutrients as 585 they are released from decomposing organic matter by the action of saprobes.
587
Given much greater root colonisation by AM fungi in the organic horizons of the litter 588 addition and control plots relative to the mineral soil, it is surprising that we observed no 589 significant increase in root colonisation in the mineral soil of litter addition treatments 590 relative to controls (Figure 2a-d) , where organic matter content is elevated relative to controls 591 (Tanner et al., 2016) . It is possible that plant investment in AM fungi in litter addition plots is 592 lower, due to the increases in soil fertility and tree nutrient status (indicated by marginal 593 increases in litterfall and foliar N and P; Figure 1 , Table S1 . Response of soil physical characteristics to nine years of litter removal and addition 926 in a tropical forest.
927 Table S2 . AM fungal OTUs altered by nine years of leaf litter addition and removal.
928 Table S3 . Number of sequences per sample after blasting, filtering, merging and trimming. 
Archaeospora_OTU1 Glomus_VTX00101_b −10 −5 0 5 10 log2 fold change OTU (decreasing rank abundance) Figure S2 . Rarefaction curves pooled by experimental treatment (a) approached asymptotes, indicating that sampling effort was sufficient to capture the range of AM fungal taxa across the sites. Rarefaction curves for each sample (b) indicated that sequencing intensity was sufficiently high to detect the majority of OTUs. C is control, L-is litter removal, and L+ is litter addition. Shaded bands show 95% confidence regions calculated from the standard error of the estimate using the function specaccum in the R package vegan. Figure S5 . Comparison of AM fungal communities described by the quantitative Bray-Curtis metric of dissimilarity (a), the Jaccard presence-absence based metric of dissimilarity (b), and correlation between the two (c). (a) and (b) are two-dimensional NMDS plots with ellipses describing 95% confidence areas around the sample scores. 
